Clinical prediction rules (CPRs) developed to identify sub-groups of people with neck pain for different prognoses (i.e. prognostic) or response to treatments (i.e. prescriptive) have been recommended as a research priority to improve health outcomes for these conditions. A systematic review was undertaken to identify prognostic and prescriptive CPRs relevant to the conservative management of adults with neck pain and to appraise stage of development, quality and readiness for clinical application. Six databases were systematically searched from inception until 4 th July 2016. Two independent reviewers assessed eligibility, risk of bias (PEDro and QUIPS), methodological quality and stage of development. 9,840 records were retrieved and screened for eligibility. Thirty-two studies reporting on 26 CPRs were included in this review. Methodological quality of included studies varied considerably. Most prognostic CPR development studies employed appropriate designs. However, many prescriptive CPR studies (n = 12/13) used single group designs and/or analysed controlled trials using methods that were inadequate for identifying treatment effect moderators. Most prognostic (n = 11/15) and all prescriptive (n = 11) CPRs have not progressed beyond the derivation stage of development. Four prognostic CPRs relating to acute whiplash (n = 3) or non-traumatic neck pain (n = 1) have undergone preliminary validation. No CPRs have undergone impact analysis. Most prognostic and prescriptive CPRs for neck pain are at the initial stage of development and therefore routine clinical use is not yet supported. Further validation and impact analyses of all CPRs are required before confident conclusions can be made regarding clinical utility.
INTRODUCTION
Neck pain is the fourth leading cause of global disability and has an annual prevalence rate exceeding 30% 1, 2 . Prolonged disability is common and poses considerable physical, psychological and economic consequences to individuals and society 3, 4 . Health professionals face uncertainty in decision-making when managing neck pain due to conflicting reports of treatment effectiveness and difficulty in predicting prognosis 3 . As such, the identification of sub-groups within neck pain populations has been recognised as a research priority for improving management strategies 3, 5 .
Clinical prediction rules (CPRs) can be used to guide clinical decision-making in the assessment and treatment of individuals by enabling categorisation of those who have meaningful differences in symptomology 6, 7 . CPRs are mathematically derived tools that quantify the contribution of various patient characteristics to create a set of variables that can be used to make predictions about an individual's diagnosis, prognosis or response to a specific intervention 7 . Diagnostic CPRs aim to enhance the detection of a specific condition and are developed using cross-sectional study designs to compare CPR findings to an established 'gold standard' test 7 . Prognostic CPRs enable estimation of the probability that a state of health such as change in pain or disability will occur in the future 8 , and are ideal for educating patients regarding anticipated outcome as well as prioritising individuals for intervention 6, 8 . Longitudinal study designs, such as prospective cohorts, are optimal because CPR findings are compared to changes in patient status over time 7 . Prescriptive CPRs guide decisionmaking by estimating the likelihood of successful response to a specific intervention 9 . Study designs that include a control group, such as randomised controlled trials (RCTs) are critical to the development of this type of CPR to ensure that treatment effect modifiers are discriminated from nonspecific prognostic predictors 9, 10 .
The development of all types of CPRs broadly involves three stages 6 . First, CPRs are derived using statistical analyses to determine a set of variables with the greatest predictive power 6 . Derived CPRs are not recommended for clinical use because they may reflect chance statistical associations or be specific to the study population 6 . Second, CPRs are validated by prospective application in a new patient cohort 6 . Narrow validation involves testing the tool in a setting and population that is similar to the derivation study, whereas broad validation comprises application to a wider spectrum of patients and clinicians 6 . A successfully validated CPR may be used by clinicians with some level of confidence in its predictive accuracy 6, 11 . The final stage of development, impact analysis, involves testing to see if CPR application results in changed clinician behavior and improved patient outcomes 6 . Only after impact analysis can a clinician be fully confident that CPR use may improve outcomes 6 .
A systematic literature search was conducted in PubMed, Embase, CINAHL Plus, AMED, PEDro and Cochrane Library databases from inception until 4 th July 2016. A validated search strategy with high sensitivity in identifying CPRs 26 was used in combination with neck pain-specific strings suggested by the Cochrane Back Review Group 27 and, in consultation with a medical librarian, adapted for neck pain (see Appendix A). Supplementary strategies comprised citation tracking in Scopus and reference list screening of included studies.
Study selection
A CPR was operationally defined as a mathematically derived clinical tool designed to calculate the contribution of patient characteristics to create a set of variables with specific cut points that could be applied to make predictions about an individual's prognosis or response to a specific intervention 6 . Study eligibility criteria are outlined in Table 1 . Briefly, studies were included that reported on prognostic and prescriptive CPRs relating to the conservative management of adults with non-specific, idiopathic, mechanical, traumatic, postural, cervical radiculopathy or whiplash associated neck pain. Identified records were downloaded to an electronic reference management system and duplicates removed. Two independent reviewers screened titles and abstracts of all records. The full texts of potentially eligible studies were screened by both reviewers against eligibility criteria to determine ultimate inclusion in the review. Disagreement on study eligibility was resolved by consensus or when unable, by consultation with a third reviewer.
Classification of CPR type
Inconsistencies exist in the classification of prognostic and prescriptive CPRs within review studies. Some reviews have classified CPRs based on the stated aims of each study 17, 28 , whilst others have distinguished CPR type by study design 15, 16 . The latter recognises that using single group cohorts to develop prescriptive CPRs results in models of only prognostic value 10 . However, disregarding the original purpose of the CPR derivation will likely result in a lack of distinction between prognostic CPRs that were developed in response to a specific clinical need and those that were not. It also creates inconsistencies in nomenclature from original research reports. Therefore, in order to avoid confusion, we classified CPR type based on the original aims of each study. The appropriateness of research design for the purpose of each CPR's development was evaluated.
Data extraction and quality assessment One reviewer extracted data including: CPR type, function, study design, patient population, potential predictor variables, outcome criteria, number of events per outcome, method of analysis and final CPR performance from each study. A second reviewer independently checked these data. The internal validity of included studies was appraised using two standardised tools. The Physiotherapy Evidence Database (PEDro) Scale 29 was used for studies with an RCT design. The PEDro scale is an 11-item scale that is valid and reliable in rating the methodological quality of RCTs 29, 30 . All other studies, including those that pooled data from multiple RCT treatment groups, were evaluated using the Quality in Prognosis Studies (QUIPS) tool 31 . QUIPS is a six-item tool designed for use in observational prognostic studies 31 . Items that were unclear or not mentioned within the study were considered to be unmet. Two reviewers independently completed each appraisal tool for all included studies. Disagreement was resolved by consensus or consultation with a third reviewer. High risk of bias ratings informed, but did not exclude studies from inclusion in the synthesis of results.
Data synthesis and analysis
A qualitative synthesis of studies was performed by appraising the methodological quality, stage of development and readiness for clinical use of CPRs within each study. Methodological quality was evaluated by two independent reviewers using criteria employed in a recent review of CPRs applicable to low back pain 15 . These criteria are comprehensive, specific to CPR stage of development, and were selected because a validated tool does not exist for this purpose. CPR stage of development and readiness for clinical use were classified using frameworks from McGinn and colleagues 6 . Metaanalysis was not attempted due to heterogeneity in population, CPR function and outcome variables of included studies. Inter-rater agreement for each stage of the study selection process, risk of bias assessment and quality appraisal was calculated using absolute and chance-corrected degrees of agreement (Kappa statistic) with 95% confidence intervals (CI) using predetermined strength of agreement labels 32 . Statistical analyses were conducted using IBM SPSS Statistics (version 22).
Reporting
This manuscript was prepared in accordance with the Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) statement 33 .
RESULTS
Search results and study selection Electronic searches yielded 12,714 records. After the removal of duplicates, 9,840 titles and abstracts were screened and 188 full text articles were assessed against eligibility criteria (Figure 1) . Thirty-two studies were deemed appropriate for inclusion. The third reviewer was consulted on four occasions to clarify the eligibility of studies attempting validation of non-mathematically derived models. The most common reason for exclusion was not meeting this review's operational definition of a CPR. Absolute inter-rater agreement was 98.1% for title and abstract screening and 90.3% for full text eligibility. Chance-corrected agreement for screening of full text was substantial (ĸ = 0.78, 95% CI 0.67 to 0.89).
Study characteristics
Prognostic CPRs: Nineteen studies reported on the development of 15 prognostic CPRs (Supplementary Table 1 ). The majority of these studies were of a prospective cohort design (n = 12). Thirteen studies concerned CPRs for use in people with acute whiplash; five related to non-traumatic neck pain; and one targeted cervical radiculopathy. Outcome measures included neck disability (n = 9), work disability (n = 5), pain (n = 4) and perceived recovery (n = 2). Most studies concerned CPR derivation only (n = 12). Five studies performed CPR validation and two comprised both derivation and validation within the same report. No prognostic CPR impact analysis studies were identified.
Prescriptive CPRs: Thirteen studies reported on the development of 11 prescriptive CPRs (Supplementary Table 2 ). The majority of these studies were of single group design (n = 10). Only one derivation study appropriately analysed an RCT for the development of this type of CPR. Interventions included spinal manipulation (n = 5), cervical traction (n = 3), exercise program (n = 2), and a combination of multiple techniques (n = 3). Treatment success was determined using selfperceived improvement (n = 7), neck disability (n = 2) and a combination of outcome measures (n = 4). Most studies reported the derivation stage of development only (n = 9). One study combined derivation and validation within the same report, two attempted validation, and one was not classified as it concerned the validation of a CPR that was not mathematically derived 34 . No validation studies supported the predictive ability of the derived models [35] [36] [37] . No reports of prescriptive CPR impact analysis were identified.
Risk of bias assessment
Prognostic CPRs: All nineteen studies were evaluated using the QUIPS tool ( Table 2) . Whilst many studies sufficiently reported study attrition (n = 10) and outcome measurement (n =9), a moderate or high risk of bias was evident in most studies for statistical analysis and reporting (n = 16) and study participation (n = 14) criteria.
Prescriptive CPRs: The QUIPS tool was used to appraise risk of bias in the prescriptive derivation studies due to use of single group (n = 10) and pooled RCT (n = 1) study designs ( Table 2) . Many studies adequately reported outcome measurement (n =7) and study attrition (n = 6). However, a moderate or high risk of bias was evident in the majority of studies for statistical analysis and reporting (n = 10) and study participation (n = 7) criteria. Potential risk of bias in two prescriptive validation CPR studies that used an RCT design (n = 2) were evaluated against the PEDro scale ( Table 3) , with scores of 6 and 7 out of 10 respectively, indicating moderate quality 38 . The most frequent source of bias was lack of patient and therapist blinding and inadequate baseline comparability of treatment groups.
Overall inter-rater agreement for PEDro and QUIPS were substantial with ĸ = 0.68 (95% CI 0.36 to 1.0, absolute agreement 86.4%) and ĸ = 0.79 (95% CI 0.71 to 0.86, absolute agreement 84.4%) respectively. All disagreements concerning risk of bias were resolved by consensus.
Qualitative appraisal
Results of methodological quality specific to derivation and validation are outlined in Table 4 and Table 5 respectively. Studies that included both stages within one report were evaluated against criteria for both.
Prognostic CPRs: All 14 prognostic CPR derivation studies blinded the assessment of predictor variables, and most justified variable selection (n = 13). Many studies, however, did not justify participant numbers (n = 12), use predictor variables with demonstrated reliability (n = 11), test for colinearity in predictor variables (n = 10), or include at least 10 outcome events per predictor variable (n = 10). For validation studies (n = 7), accurate application of the rule was present in the majority of cases (n = 5). Failure to report missing data (n = 6) and application in a different clinical setting (n = 5) were frequently not met.
Prescriptive CPRs: All prescriptive CPR derivation studies (n = 10) blinded the assessment of predictor variables and outcome measures, and described the mathematical techniques used. Most of these studies, however, did not justify participant numbers (n = 9), test for co-linearity in predictor variables (n = 9), or include at least 10 outcome events per predictor variable (n = 9). Of four validation studies, most performed a prospective validation in a new patient population (n = 3), used a representative sample, and accurately applied and described the rule (n = 3). Description of uncertainty in post-test probability (n = 4), and description of uncertainty in CPR accuracy (n = 3) were most frequently not met.
Interrater agreement for derivation criteria was almost perfect (ĸ = 0.83 (95% CI 0.78 to 0.88, absolute agreement 91.2%) and substantial for validation criteria (ĸ = 0.75 (95% CI 0.63 to 0.87, absolute agreement 87.3%).
DISCUSSION
Thirty two studies were identified that reported on the development of 15 prognostic and 11 prescriptive CPRs relating to the conservative management of adults with neck pain. Whilst the majority of prognostic CPRs remain at the derivation stage of development, preliminary investigations of validity have been successfully performed on four models. Ten out of 11 prescriptive CPRs were derived using study designs that were inappropriate for the purpose of developing a prescriptive tool. The study design and/or analyses used in three subsequent validation studies were not appropriate to replicate the results of these models.No CPRs of either type evaluated in this review have undergone impact analyses 6 . Future CPR studies should consider identified methodological shortcomings including inappropriate study design, insufficient sample size, and incomplete reporting of statistical analyses and model performance.
Prognostic CPR readiness for use Most prognostic CPRs were at derivation stage [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] and therefore are not yet at a stage of development supporting routine clinical use 6 . At this stage, clinicians may consider using individual predictor variables contained within these models 6 . For example, higher neck disability (e.g. Neck Disability Index) was identified by numerous CPRs as a predictor of non-recovery for pain and disability outcomes 39, 41, 43, 49, 50 . Assessment of neck disability may be useful in informing judgements on prognosis where the population is similar to that used in the CPR's derivation 6 . The prominence of psychological and social predictor variables within prognostic CPRs confirms the likely importance of these factors for prognosis. The assessment of psychosocial factors has been recognised as necessary for improving outcomes in people with spinal pain and as such, would seem important to examine in the clinical setting 51 . However, given the considerable breadth of biopsychosocial variables proposed within the reviewed CPRs, consideration of specific predictor variables should be used to compliment and not replace usual clinical decision-making strategies 6 .
A number of studies progressed the development of prognostic CPRs to either narrow or broad validation 19, 49, [52] [53] [54] [55] [56] . Application of narrowly validated CPRs requires caution because evidence for model generalisability is not strong 6 . Three CPRs relating to acute whiplash prognosis were identified as having undergone narrow validation. Hence, these may be considered for use with populations and clinical settings similar to those of the development studies 6 . First, Ritchie and colleagues (2015) validated a CPR comprising initial disability levels, hyper-arousal symptoms and patient age to predict recovery or ongoing disability at six to 12 months post whiplash injury in Queensland, Australia 49 . This model is promising in that both the derivation and validation studies satisfied the majority of methodological quality criteria used in this review, and the accuracy and post-test probability remained strong on validation 49 . A preliminary attempt at further validation of this was tested in a different geographical (USA) setting to that of the initial development studies, suggesting that the CPR is being considered more widely within the research community, and the results were supportive of the models validity 57 . Second, Kasch and colleagues (2011 and 2013) developed a CPR comprising cervical range of motion, number of non-painful complaints and baseline pain intensity to predict 12 month work disability that displayed very good discriminative ability (area under the curve = 0.90, 95% CI 0.74 to 1.0) and a positive likelihood ratio of 7.8 for the highest of seven risk strata, which is likely to cause moderate shifts in pre-to post-test probability 52, 56, 58 . The CPR's included variables, predictor variable measurement and scoring algorithm were altered between development studies for reasons that are not clear 53, 56, 59 . Whilst updating a CPR is not unusual, modifications are usually made in response to disappointing validation accuracy, which in this instance does not appear to have been determined 60 . These changes could impact methodological quality and risk of bias. Finally, a whiplash prognostic equation including impaired neck movement, headache, head trauma, age, neck pain intensity, headache intensity, nervousness, neuroticism, and focused attention variables developed by Radanov and Sturzenegger (1996) also demonstrated good post-test probability (88%) on validation 55 . Interpretation of the results is difficult due to incomplete reporting of CPR accuracy, omission of outcome measure definition and use of a small validation sample size (n = 16). Broad validation is optimal because it enables confirmation of CPR accuracy across a diverse spectrum of patients and settings 6 . Schellingerhout and colleagues (2010) 54 reported on the only CPR identified by this review to have maintained accuracy on broad validation. The rule's predictive utility was modest with a positive predictive value of 51% (95% CI 43 to 59) and a positive likelihood ratio of 1.6, which is unlikely to cause a significant shift in pre-to post-test probability 58 . However, given reasonable methodological quality, maintenance of predictive ability and prospective validation in a new and geographically different population, this CPR may be considered for use in predicting prognosis based on global perceived recovery for individuals with non-traumatic neck pain 6 . Impact analysis is ultimately required to ensure that application of statistically accurate predictive models results in clinically beneficial consequences 6 .
Prescriptive CPR readiness for use The derived stage and lack of sufficient validity of prescriptive CPRs identified in this review 34, [61] [62] [63] [64] [65] [66] means that clinical use of any model is not yet advised 6 . Unlike predictor variables identified in the reviewed prognostic CPRs, attention to components included in prescriptive CPRs is not recommended. The use of inappropriate (single group) designs in all but one identified prescriptive CPR derivation studies means that predictors of response to treatment may not have been differentiated from predictors of outcome regardless of treatment 9, 10 . Researchers employing these methods risk creating a CPR that is merely prognostic given a specific treatment 7, 10 . Additionally, it has been advocated that subsequent validation of such CPRs should not be considered as adequate replication (even if an appropriate RCT design has been used), because the initial model was inappropriately derived 10 . Failure to identify treatment effect modifiers during derivation also heightens the possibility of reduced CPR accuracy when validation is attempted using an appropriate study design 10 . Two identified prescriptive CPR validation studies employed RCTs to validate prescriptive models that were derived using single group designs and found the results did not support the prescriptive validity of either rule 35, 36 .
General methodological considerations for CPR development Several potential sources of bias relevant to both CPR types were identified and should be addressed in future studies. Only three derivation studies performed a priori sample size calculations 41, 50, 64 . These calculations are necessary to avoid the risk of model over fitting or optimistic predictive performance, as well as to reduce the likelihood of disappointing validation accuracy 60, 67 . It has been suggested that 10 to 15 events per outcome be a guide for adequate sample size 6 . Second, many studies reported incomplete statistical analyses. CPR accuracy, post-test probabilities and associated uncertainty intervals would enable improved interpretation of a CPR's predictive ability 68, 69 . Descriptions of missing values and the use of imputation methods, where applicable should also be included 67 .
Strengths and limitations of the review
To our knowledge this is the first review to systematically examine CPRs relevant to the conservative management of neck pain. As such, it provides a comprehensive synthesis of CPRs that may be of benefit to clinicians who treat this population. CPRs were operationally defined in this review for the purpose of transparency, reproducibility and to ensure that the included tools could be reasonably applied by clinicians to individual patients. Our definition was liberal in comparison to other reviews in that it did not require explicit use of the term 'clinical prediction rule'. Additionally, our inclusion criteria did not require specific statistical analyses. Consequently, this review was inclusive and may aid clinicians in interpreting and comparing the multitude of CPRs proposed in the literature. This review is limited in that criteria used to assess the methodological quality of included studies have not yet been validated. However, these criteria were systematically developed using key factors from the literature on methodological standards for CPR development 6, 7, [67] [68] [69] [70] [71] , contain components commonly used in other reviews, and were used in combination with validated PEDro and QUIPS scales to improve assessment rigor. The classification of CPR type using study aim, and not design will have led to over-reporting of CPRs that have prescriptive value. However, classification by original study aim ensures consistent nomenclature with original reports, and discriminates CPRs developed for prognostic purposes from those developed from inadequate prescriptive methods
Conclusions and recommendations for future research
The substantial number of CPRs identified in this review confirms that progress is being made towards the identification of sub-groups of patients with neck pain. Clinical use of most prognostic CPRs is not yet recommended because of their early stage of development and moderate methodological quality. However, clinicians may choose to consider four validated prognostic CPRs or assessment of individual predictor variables contained within these models, to inform judgements of outcome. Derivation stage of development was similarly prominent in prescriptive CPRs, however, uncertain prescriptive value resulting from a reliance on single group study designs is a major limitation to the use of these models. To provide stronger evidence to support the clinical use of all CPRs, future research should employ study designs that are appropriate for the type of CPR being developed, and ensure adequate broad validation and impact analyses. 
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